Mutations in TREX1 have been linked to a spectrum of human autoimmune diseases including Aicardi-Goutières syndrome (AGS), familial chilblain lupus (FCL), systemic lupus erythematosus, and retinal vasculopathy and cerebral leukodystrophy. A common feature in these conditions is the frequent detection of antibodies to double-stranded DNA (dsDNA). TREX1 participates in a cell death process implicating this major 3 3 5 exonuclease in genomic DNA degradation to minimize potential immune activation by persistent self DNA. The TREX1 D200N and D18N dominant heterozygous mutations were identified in AGS and FCL, respectively. TREX1 enzymes containing the D200N and D18N mutations were compared using nicked dsDNA and single-stranded DNA (ssDNA) degradation assays. The TREX1
heterodimer has a functional dsDNA degradation activity, supporting the recessive genetics of TREX1 R114H in AGS. The dysfunctional dsDNA degradation activities of these disease-related TREX1 mutants could account for persistent dsDNA from dying cells leading to an aberrant immune response in these clinically related disorders.
The TREX1 gene encodes the major 3Ј 3 5Ј exonuclease detected in mammalian cells. TREX1 is a single open reading frame located on chromosome 3p21.31 and encodes a 314-amino acid polypeptide (1) (2) (3) . TREX1 is closely related to TREX2 (located on chromosome Xq28) except TREX1 contains additional coding sequence for a C-terminal region not found in TREX2 (4) . The N-terminal 242 amino acids of TREX1 contain the catalytically robust 3Ј 3 5Ј exonuclease that is active on ssDNA 2 and dsDNA (5) with the highest activity detected using a partial duplex DNA containing unpaired 3Ј nucleotides (1) (2) (3) . The C-terminal 72 amino acids contain a transmembrane region that localizes TREX1 to the endoplasmic reticulum in the perinuclear space of cells (6) . Activation of a cell death pathway and treatment of cells with DNA-damaging agents cause TREX1 to relocate to the nucleus where it acts on DNA 3Ј termini (6 -8) .
The structure of TREX1 catalytic domain with bound DNA reveals the protein-polynucleotide interactions that explain the preference for multiple unpaired 3Ј termini in TREX1 exonuclease action and highlights the extensive interface contacts in the stable dimeric enzyme (9) . A short ssDNA of approximately four nucleotides is accommodated in the TREX1 active site, and the Arg-128 interacting with the polynucleotide bases is proposed to destabilize dsDNA to provide ssDNA to the enzyme active site. A stable TREX1 dimer is generated through extensive interactions between the ␤3 strands and the ␣4 helices of each protomer at the interface (see Fig. 1 ). The hydrogen bonding network between protomers includes backbone contacts of the ␤3 strands and three pairs of side chain contacts from each protomer. The antiparallel ␣4 helices contribute hydrophobic packing interactions between the protomers. Symmetry in the TREX1 dimer positions the active sites of each protomer at opposite outer edges, providing open access for binding of two ssDNA polynucleotides. The dimeric structure of TREX1 and the closely related TREX2 (10) is unusual for 3Ј 3 5Ј exonucleases and likely reflects the biological function of these enzymes.
Nucleases in mammals process DNA and RNA polynucleotides to prevent these macromolecules from inappropriately activating the immune system. The connection between TREX1 and immune activation was first indicated in the Trex1 null mice that develop inflammatory myocarditis consistent with autoimmune disease (11) . Mutations in the human TREX1 gene have now been linked to the severe neurological brain disease Aicardi-Goutières syndrome (12) , to a monogenic form of cutaneous lupus erythematosus named "familial chilblain lupus" (13) (14) (15) , to systemic lupus erythematosus (16) , and to retinal vasculopathy and cerebral leukodystrophy (17) . The shared TREX1 genetics and similarities in these clinically distinct human disorders point to a common molecular etiology. Some AGS-and chilblain lupus-affected individuals show evidence of circulating antinuclear antibodies including those with antigenic specificity to ssDNA and dsDNA, highlighting the clinical overlap of these disorders (18 -20) . Defective TREX1 in humans might result in the failure to degrade ssDNA or dsDNA leading to immune activation and development of autoantibodies to these macromolecules. The source of this DNA could be genomic from the billions of cells that die daily in humans or from DNA replication and repair intermediates generated in the "normal" maintenance of genome integrity.
The TREX1 dimer structure, its stability, and the noncatalytic C-terminal region have implications for enzyme dysfunction dependent upon the allele-specific mutation. The TREX1 mutations identified in AGS include null alleles and missense mutations that map mostly to the catalytic core region of the enzyme, although mutations in the C-terminal region have been identified (18) . AGS is mostly an autosomal recessive disorder, but the TREX1 D200N mutation causes autosomal dominant AGS (15) . Similarly, the autosomal dominant FCL mutations c.375dupT (15) and D18N (13, 14) also map to the TREX1 catalytic core. TREX1 mutations located in the catalytic core reduce the ssDNA degradation activity to lower and dramatically varying levels (9, 14 -16) . The heterozygous TREX1 mutations that cause retinal vasculopathy and cerebral leukodystrophy are exclusively frameshifts localized to the C-terminal region that eliminate the transmembrane endoplasmic reticulum anchoring region and do not affect the catalytic activity of TREX1 (17) .
The levels of ssDNA degradation activities in mutant TREX1 enzymes have provided limited correlation between diminished TREX1 function and human disease phenotype or severity. We have proposed that TREX1 degrades DNA by acting at nicked dsDNA generated by the NM23-H1 endonuclease during cell death (6) , and others have proposed that TREX1 degrades ssDNA generated from processing of aberrant replication intermediates (8) or derived from endogenous retroelements (24) . To establish a link between TREX1 3Ј exonuclease dysfunction and human autoimmune disease phenotype, we designed a dsDNA degradation assay to measure the activity of TREX1 variants using a nicked dsDNA substrate. Using this assay, we show that TREX1 enzymes containing the dominant D200N and D18N mutations are defective in dsDNA degradation activity. Moreover, these TREX1 mutants are likely trapped in nonproductive enzyme-DNA complexes at the sites of nicked DNA, thus inhibiting the dsDNA degradation activity of the TREX1
WT enzyme, supporting the dominant phenotypes of the TREX1 D200N and D18N mutations. Further, we show that the TREX1 R114H/R114H homodimer degrades dsDNA ϳ300-fold less efficiently than TREX1 WT , and this dsDNA degradation dysfunction is not detected in the TREX1 WT/R114H heterodimer. These TREX1 enzymatic data parallel the genetic findings of TREX1 homozygous R114H in AGS and heterozygous R114H in SLE. These results support a role for TREX1 in dsDNA degradation to prevent immune activation leading to autoimmune disease.
EXPERIMENTAL PROCEDURES
Materials-The synthetic 30-mer oligonucleotide 5Ј-ATAC-GACGGTGACAGTGTTGTCAGACAGGT-3Ј with 5Ј fluorescein was from Operon. Plasmids 1 (9.4 kb) and 2 (10.8 kb) are derivatives of the pMYB5 plasmid (New England Biolabs). Plasmid 1 contains one Nt.BbvCI restriction enzyme site, and plasmid 2 contains two Nt.BbvCI sites ϳ800 nucleotides apart in opposite orientation. Plasmid 2 contains unique EcoRI and SacI restriction enzyme sites. The plasmids were purified from bacterial cultures and from restriction enzyme digests using Qiagen kits.
Enzyme Preparation-The human TREX1 enzymes contain the catalytic core amino acids 1-242. The TREX1 homodimers were first expressed in bacteria as N-terminal maltose-binding protein (MBP) fusions with a PreScission Protease recognition sequence between the MBP and TREX1. The pLM303 plasmid constructs were transformed into Escherichia coli BL21(DE3) Rosetta 2 cells (Novagen) for overexpression. The cells were grown to an A 600 ϭ 0.5 at 37°C and quickly cooled on ice to 17°C. After induction with 1 mM isopropyl-␤-D-thiogalactopyranoside, the cells were allowed to grow for 15 h at 17°C. The MBP-TREX1 fusion protein was bound to an amylose resin (New England Biolabs), washed, and the column resin was incubated at 4°C overnight with PreScission Protease (GE Biosciences) to separate TREX1 from MBP. The TREX1 was collected from the column flow-through, dialyzed against 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, and 10% glycerol, and purified to homogeneity using phosphocellulose chromatography (9) .
To generate TREX1 heterodimers, the mutant TREX1 was cloned into pLM303X (14) and WT TREX1 was cloned into the pCDFDuet-1 (Novagen). Mutant TREX1 plasmids were produced using a PCR site-directed mutagenesis strategy (21) WT/WT and TREX1 WT/MUT were first recovered by chromatography using a nickel-nitrilotriacetic acid resin (Qiagen). The TREX1 WT/MUT heterodimer was then bound to an amylose resin and washed, and the column resin was incubated at 4°C overnight with PreScission Protease to separate TREX1
WT/MUT heterodimer from the MBP and NusA. The TREX1
WT/MUT was collected and purified to homogeneity using phosphocellulose chromatography as described above. Protein concentrations were determined by A 280 using the molar extinction coefficient for human TREX1 protomer ⑀ ϭ 23,950 M Ϫ1 cm Ϫ1 . Exonuclease Assays-The exonuclease reactions contained 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 2 mM dithiothreitol, 100 g/ml bovine serum albumin, 50 nM fluorescein-labeled 30-mer oligonucleotide (ssDNA assays) or 10 g/ml plasmid DNA (dsDNA assays), and TREX1 protein as indicated in the figure legends. For all assays, the TREX1 enzyme and variant mixtures were prepared on ice at 10 times the final concentrations and added to reactions to yield the indicated final concentrations. Incubations were for the indicated times at 25°C. After incubation, the samples were removed, quenched by the addition of three volumes of cold ethanol, and dried in vacuo. For ssDNA assays, the reaction products were processed and quantified as described (9, 10) . For dsDNA assays, the reaction products were resuspended in 20 l of TAE-agarose gel running solution and electrophoresed on 0.8% agarose gels containing ethidium bromide. DNA was visualized using a FluorChem 8900 imaging system (Alpha Innotech). Activity was determined by calculating the time for TREX1 WT (7.6 nM) to completely degrade the nicked polynucleotide of the dsDNA (30 M as nucleotide) to dNMP as indicated by the loss of ethidium bromide staining material and the accumulation of the un-nicked ssDNA visible in the agarose gels.
RESULTS AND DISCUSSION
The TREX1 exonuclease degrades DNA polynucleotides to nucleoside monophosphates from available 3Ј termini. We showed previously that TREX1 removes nucleotides from ssDNA and dsDNA oligonucleotide constructs (1, 3, 5) and from a nicked dsDNA plasmid generated by incubation with the NM23-H1 endonuclease (6) . The TREX1 structure indicates that four nucleotides of ssDNA, not dsDNA, bind into the active sites of each protomer of the dimer (9, 22) consistent with the greater TREX1 activity detected on partial duplex DNAs containing 3Ј terminal unpaired nucleotides (1, 3) . These combined data illustrate TREX1 exonuclease action using a variety of DNA structures that contain accessible 3Ј termini.
The TREX1 3Ј Exonuclease Activities of Disease-related Mutant Enzymes Using ssDNA-Dominant mutant TREX1 D200N and D18N alleles have been identified in the heterozygous genotypes of individuals affected with the autoimmune disorders AGS (15) and FCL (13, 14) . The Asp-200 and Asp-18 residues are two of the divalent metal ion Mg 2ϩ -coordinating aspartates in the TREX1 active site required for catalysis ( Fig. 1 (14) . The ϳ2-fold loss in activity of the TREX1 WT/D200N and TREX1 WT/D18N heterodimers suggests that the WT TREX1 protomer within the dimer containing a D200N or D18N protomer is apparently fully functional and unaffected when degrading small ssDNA polynucleotides. Thus, cells of heterozygous affected individuals carrying the TREX1 D200N and D18N dominant mutant alleles might be expected to contain ϳ50% of the TREX1 activity as compared with cells from unaffected individuals with respect to ssDNA polynucleotide degradation activity, as we have demonstrated with patient cells carrying the D200N allele (15) .
The TREX1 R114H homozygous genotype is the most common missense mutation found in AGS (12, 18) , and the R114H heterozygous genotype has been identified in a patient with SLE (16) . The Arg-114 residue is positioned ϳ15 Å away from the active site where the arginine side chain hydrogen bonds with the backbone carbonyl oxygens of Gln-98 and Arg-99 on a loop of the opposing protomer stabilizing the dimer interface (Fig.  1) . Despite the considerable distance of Arg-114 from the TREX1 active site, the TREX1 R114H/R114H homodimer exhibits a 34-fold reduced activity, and the TREX1 WT/R114H heterodimer exhibits a 2.8-fold reduced activity compared with TREX1
WT using the standard ssDNA exonuclease assay ( Fig. 3 and Table 1 ). These data indicate that mutations at the dimer interface can decrease the catalytic competency of the TREX1 dimer when degrading ssDNA.
The TREX1 3Ј Exonuclease Has dsDNA Degradation Activity-TREX1 initiates polynucleotide degradation from a nick in dsDNA. Our previous studies measuring TREX1 variant exonuclease activities using a small ssDNA polynucleotide have provided insights into residues affecting catalytic activity but have not revealed a clear correlation between diminished TREX1 activity and disease phenotype. We have proposed that TREX1 participates in a cell death pathway by degrading dsDNA at nicks generated by the NM23-H1 endonuclease (6) . To test this possibility, a dsDNA degradation assay was developed to measure the 3Ј exonuclease activities of TREX1 and variants using a nicked dsDNA plasmid (Fig. 4) . Two different plasmids (plasmids 1 and 2) were incubated with the Nt.BbvCI restriction endonuclease nicking enzyme to introduce a single nick in one of the DNA strands of plasmid 1 or one nick in each of the two DNA strands positioned ϳ800 nucleotides apart in plasmid 2. Incubation of the plasmids with the nicking enzyme results in conversion of the plasmids from Form I supercoiled dsDNA to Form II nicked dsDNA as indicated by the changed migration of the plasmid DNAs in the agarose gel (Fig. 4A,   compare lanes 2 and 3, and B, compare lanes 8 and 9) . Incubation of plasmid 1 with TREX1
WT results in the nearly complete degradation of the nicked polynucleotide strand and the accumulation of the un-nicked ssDNA strand (Fig. 4A) . Incubation of plasmid 2 with TREX1
WT results in the complete degradation of both polynucleotide strands of the dsDNA (Fig. 4B) . These data show that TREX1 recognizes a single nick in dsDNA to initiate complete degradation of the DNA polynucleotide.
TREX1 degrades both polynucleotide strands of a linear duplex DNA. To further assess TREX1 exonuclease activity using dsDNA, TREX1
WT enzyme was incubated with linear dsDNA plasmids and shown to degrade both polynucleotide strands of the dsDNA (Fig. 4) . Plasmid 2 was digested with EcoRI or SacI to generate Form III linear dsDNA containing 5Ј WT and R114H variants. The standard exonuclease reactions (30 l) were prepared with a fluorescein-labeled 30-mer oligonucleotide, and dilutions of the recombinant wild type (TREX1 WT ), mutant (TREX1 R114H/R114H ) homodimer, and (TREX1 WT/R114H ) heterodimer were prepared at 10 times the final concentrations. Samples (3 l) containing the TREX1 enzymes to yield the final indicated concentrations were added to reactions. The incubations were 20 min at 25°C. The reaction products were subjected to electrophoresis on 23% urea-polyacrylamide gels (A) and quantified (B) as described under "Experimental Procedures." The position of migration of the 30-mer is indicated. Relative activities of TREX1 R114H/R114H and TREX1 WT/R114H are compared with TREX1
WT dimers. The relative activity was calculated as relative activity ϭ 100 ϫ [(fmol of dNMP released/s/fmol of mutant enzyme)/(fmol of dNMP released/s/fmol WT enzyme)].
or 3Ј overhangs. Incubation of TREX1
WT with the linear dsDNA plasmids results in nearly complete degradation of the 5Ј overhang DNA (Fig. 4C ) and complete degradation of the 3Ј overhang DNA (Fig. 4D ). These data demonstrate the substantial 3Ј exonuclease action of TREX1 at a nick and from the ends of dsDNA, which is similar to that measured using ssDNA oligomers as substrate (1, 3, 5, 9, 14 -16 WT by incubating the nicked dsDNA plasmid 1 with increased amounts of each enzyme (Fig. 5) . The addition of 7.6 nM TREX1
WT to reactions results in nearly complete degradation of the nicked polynucleotide strand of the plasmid DNA (Fig. 5, lane 3) , and the addition of increased amounts of TREX1
WT has little effect as apparent by the continued presence of the DNA band corresponding to the un-nicked ssDNA polynucleotide (Fig. 5, lanes 4 -7) . Additions of up to 10-fold higher concentrations of (76 nM) TREX1
WT/D200N (Fig. 5 , lanes 9 -13) and TREX1
WT/D18N (Fig. 5, lanes 15-19) heterodimers resulted in no detectible dsDNA degradation by these TREX1 mutant enzymes. In further attempts to determine the extent of reduced dsDNA degradation activity of the TREX1 WT/D200N and TREX1
WT/D18N heterodimers, additional reactions were performed using nicked dsDNA with enzyme concentrations as high as 230 nM for incubation times up to 5 h at 25 and 37°C with no evidence of dsDNA degradation activity by the TREX1 WT/D200N and TREX1 WT/D18N enzymes (data not shown). Also, the TREX1
WT/D200N and TREX1 WT/D18N heterodimer enzymes exhibit no detectible dsDNA degradation activity using the linear DNA plasmids 1 and 2 described in Fig.  4 (C and D) (data not shown). These data indicate that the TREX1 WT/D200N and TREX1 WT/D18N heterodimers exhibit at least a 200-fold decreased level of dsDNA degradation activity relative to TREX1
WT in contrast to the modest expected ϳ2-fold level of reduced ssDNA degradation activity by these mutant heterodimer enzymes (Table 1) . Moreover, these data show the dramatic differential impact on catalytic function that mutations in one TREX1 protomer can have on the opposing protomer within the TREX1 dimer dependent upon the nature of the specific mutation and on the structure of the DNA substrate.
The D200N-and D18N-containing TREX1 Mutant Enzymes Inhibit the TREX1 WT dsDNA Degradation Activity-TREX1 enzymes containing D200N and D18N protomers inhibit the dsDNA degradation activity of TREX1 WT . The AGS TREX1 D200N (15) and FCL TREX1 D18N (14) heterozygote patients likely have varying mixtures of mutant and WT TREX1 homodimers and mutant TREX1 heterodimers dependent upon differential allele-specific expression and subsequent dimer formation in various cell types. In light of the dramatic negative effect that the D200N-and D18N-containing pro- 4 -7; and B, lanes 10 -13) . The reaction products were subjected to electrophoresis on agarose gels, and the amounts of dNMP excised by TREX1 WT were estimated as described under "Experimental Procedures." The positions of migration of Form I supercoiled dsDNA (dsDNA), Form II nicked dsDNA (Nicked dsDNA), Form III linear dsDNA (linear dsDNA), and circular ssDNA (ssDNA) are indicated. Lane 1 contains the 1-kb ladder (Invitrogen).
FIGURE 5. The TREX1
WT/D200N and TREX1 WT/D18N heterodimers have defective dsDNA degradation activities. The exonuclease reactions (20 l) were prepared containing nicked dsDNA plasmid 1 (10 g/ml ϭ 1.6 nM nicks) and no enzyme (lanes 2, 8, and 14) or the indicated increased concentrations (in nM) of TREX1 WT ( lanes  3-7) , TREX1
WT/D200N (lanes 9 -13), and TREX1 WT/D18N (lanes 15-19) . The reactions were 30 min, and the products were subjected to electrophoresis on agarose gels. Lane 1 (ds) contains the supercoiled dsDNA plasmid 1. The positions of migration of Form I supercoiled dsDNA (dsDNA), Form II nicked dsDNA (Nicked dsDNA), and circular ssDNA (ssDNA) are indicated.
tomers have on the dsDNA degradation activity within the TREX1 heterodimers, we examined the effects of the D200N and D18N mutant homo-and heterodimers on the TREX1 WT dsDNA degradation activity. The TREX1
WT enzyme was mixed with increased amounts of the TREX1 D200N/D200N , TREX1
, or TREX1
WT/D18N enzymes and subsequently incubated with the nicked dsDNA plasmid 1 (Fig. 6 ). In these reactions the TREX1
WT competes with the mutant TREX1 enzyme to degrade the nicked dsDNA plasmid. The amount of TREX1 WT (76 nM) added in these reactions is 10-fold higher than the amount required to completely degrade the nicked polynucleotide of the dsDNA substrate (Fig. 5) . Thus, in the absence of competing TREX1 mutant enzyme, the TREX1 WT completely degrades the nicked polynucleotide of the dsDNA plasmid, as is apparent by the accumulation of the un-nicked polynucleotide ssDNA (Fig. 6, A and B, lane 3) . The presence of increased amounts of the TREX1 D200N/D200N (Fig. 6A, lanes 4 -8) , TREX1
WT/D200N (Fig. 6A, lanes 9 -13) , TREX1 D18N/D18N (Fig. 6B, lanes 4 -8) , and TREX1
WT/D18N (Fig. 6B, lanes 9 -13) results in decreased dsDNA degradation activity by the TREX1 WT enzyme as evidenced by the increased amount of remaining nicked dsDNA. The TREX1 D200N/D200N and TREX1 D18N/D18N homodimer enzymes are more potent inhibitors of TREX1
WT dsDNA degradation activity than are the corresponding TREX1
WT/D200N and TREX1 WT/D18N heterodimers (Fig. 6, A and B, compare lanes 4 -8 with lanes  9 -13) . However, some level of TREX1
WT inhibition is apparent in the presence of as little as 1/10 molar equivalent of any of the D200N-and D18N-containing TREX1 mutant enzymes (Fig. 6, A and B, compare lanes 4 and 9 with lane 3) . The addition of increased amounts of the D200N-and D18N-containing TREX1 mutant enzymes results in decreased levels of dsDNA degradation with complete inhibition of the TREX1 WT dsDNA degradation activity apparent in the presence of 1/4 molar equivalent of TREX1 D200N/D200N (Fig. 6A , lane 5), 1/2 molar equivalent of TREX1 WT/D200N (Fig. 6A,  lane 11 ), 1/4 molar equivalent of TREX1 D18N/D18N (Fig.  6B, lane 5) , and 1/1 molar equivalent of TREX1 WT/D18N (Fig.  6B, lane 13) . Interestingly, the TREX1 WT/D200N heterodimer exhibits a somewhat greater level of inhibition of the TREX1 WT dsDNA degradation activity compared with the TREX1 WT/D18N heterodimer (Fig. 6 , compare A, lanes 9 -13, with B, lanes 9 -13) . The potent inhibition of TREX1 WT dsDNA degradation activity exhibited by D200N-and D18N-containing TREX1 protomers within TREX1 dimers (Fig. 5 ) and in enzyme mixtures containing TREX1
WT with D200N-and D18N-containing mutant enzymes could explain the dominant phenotypes exhibited by the TREX1 D200N and D18N mutant alleles described in AGS and FCL (14, 15 homodimer degrades dsDNA much less efficiently than ssDNA, and this dsDNA degradation dysfunction is not detected in the TREX1
WT/R114H heterodimer. The TREX1 R114H mutation is the most common recessive allele identified in AGS (18) , and our data show that the TREX1 R114H/R114H homodimer enzyme has approximately a 34-fold lower ssDNA degradation activity relative to that detected in the TREX1
WT enzyme (Fig. 3) (9) . The dsDNA degradation activity of the TREX1 R114H/R114H R114H/R114H dsDNA degradation activity is more dysfunctional than the ssDNA exonuclease activity. Exonuclease time course reactions (200 l) were prepared containing nicked dsDNA plasmid 1 (10 g/ml ϭ 1.6 nM nicks) and 7.6 nM TREX1
WT (A) and 260 nM TREX1 R114H/R114H (B). The samples (20 l) were removed prior to enzyme addition (lanes 2 and 5) and after incubation for the indicated times (A, lanes 3 and 4; and B, lanes [7] [8] [9] [10] [11] [12] . The reaction products were subjected to electrophoresis on agarose gels. Lanes 1 and 5 (ds) contain the supercoiled dsDNA plasmid 1. The positions of migration of Form I supercoiled dsDNA (dsDNA), Form II nicked dsDNA (Nicked dsDNA), and circular ssDNA (ssDNA) are indicated.
homodimer was measured using the nicked dsDNA substrate (Fig.  7) . A 34-fold higher concentration of the TREX1 R114H/R114H homodimer (260 nM) relative to the amount of TREX1 WT enzyme (7.6 nM) was incubated in time course reactions with the nicked dsDNA plasmid. After 0.5 h incubation the TREX1 WT enzyme completely degrades the nicked polynucleotide strand of the dsDNA plasmid (Fig. 7, lane 3) . In contrast, there is no detectible degradation of the nicked dsDNA after 0.5 h of incubation with the TREX1 R114H/R114H homodimer despite the presence of the 34-fold higher amount of enzyme (Fig. 7, lane 7) . Incubation for extended times with the TREX1 R114H/R114H homodimer enzyme results in detectible degradation of the nicked dsDNA (Fig. 7, lanes 8 -12) . However, even after 3 h of incubation, there is markedly less accumulation of the un-nicked ssDNA polynucleotide relative to that detected after 0.5 h of incubation with 34-fold less TREX1
WT enzyme (Fig. 7, compare lane 3 with lane 12) . Thus, the TREX1 R114H/R114H homodimer does exhibit some detectible dsDNA degradation activity. However, this activity is estimated to be at least 300-fold lower than that detected in the TREX1 WT enzyme. This dramatically reduced dsDNA degradation activity of the TREX1 R114H/R114H homodimer results from mutations positioned at the TREX1 dimer interface supporting the requirement of the dimer structure in TREX1 dsDNA degradation activity. Contrasting the TREX1 R114H/R114H homodimer activity, the TREX1 WT/R114H heterodimer has dsDNA degradation activity similar to that of the TREX1 WT enzyme (data not shown). These data indicate that the R114H mutation is required in both TREX1 protomers within the dimer to significantly disrupt the dsDNA degradation activity of TREX1.
The enzymes to determine whether these R114H-containing TREX1 enzymes might inhibit the TREX1 WT activity (Fig. 8) . Neither R114H-containing enzyme inhibits the TREX1 WT activity, as is apparent from the complete degradation of the nicked polynucleotide strand and the accumulation of the un-nicked ssDNA in all reactions. Additional reactions were performed containing up to a 10-fold molar excess of TREX1 R114H/R114H relative to TREX1 WT with no evidence of inhibition of the TREX1
WT dsDNA degradation activity (data not shown). These data are consistent with the recessive genetics of the TREX1 R114H allele in AGS where the TREX1 R114H/R114H homodimer enzyme is defective in both ssDNA and dsDNA degradation activities. We propose that TREX1 R114H/R114H homodimer enzyme present at undetermined levels in cells of heterozygous TREX1 R114H individuals contributes to failed ssDNA and dsDNA degradation, leading to immune activation and possibly SLE in some individuals.
In conclusion, the activities of these TREX1 disease-related mutants and the inhibitory potential of these mutants on TREX1
WT activity using the dsDNA degradation assay introduced in this work support a direct role for TREX1 in the degradation of dsDNA to prevent autoimmune disease. TREX1 resides in the perinuclear space of cells where it is anchored to the endoplasmic reticulum by the C-terminal hydrophobic region with the catalytic core protruding into cytosol. TREX1 is recruited into the nucleus upon induction of cell death or by treatment of cells with DNA-damaging agents (6, 8, 16) . Translocation of TREX1 into the nucleus by the SET complex positions TREX1 to act in cell death pathways with the NM23-H1 endonuclease and perhaps other nucleases to degrade the polynucleotide chains of duplex DNA (7). The defective dsDNA degradation activities of the TREX1
WT/D200N and TREX1 WT/D18N heterodimers might be explained by the combination of an intact DNA binding process, analogous to that proposed for TREX2 (23) , and a dysfunctional catalytic site caused by the D200N and D18N mutations. The TREX1 enzyme exhibits a distributive pattern of nucleotide excision using ssDNA substrates (1, 3) , but the precise binding mechanism to dsDNA has not been determined. The heterodimer would be expected to bind DNA, identify the nick in the dsDNA, and successfully move the available 3Ј terminus into the enzyme active site. The inability to perform chemistry of phosphodiester bond cleavage resulting from the D200N or D18N mutation might trap the TREX1 mutant enzyme onto the dsDNA in a nonproductive enzyme-DNA complex at the site of the nick. This result would also account for the inhibition of the TREX1
WT dsDNA degradation activity detected in the presence of the D200N-or D18N-containing TREX1 mutant enzymes. Thus, the dominant genetics exhibited by the TREX1 D200N and D18N alleles is explained by the combination of TREX1 catalytic deficiency and DNA binding proficiency generating TREX1 mutant enzymes that fail to process nicks in dsDNA and block access to these sites by TREX1
WT enzyme, resulting in failure to process the DNA. 9 -13) . The reactions were 30 min, and the products were subjected to electrophoresis on agarose gels. Lane 1 contains the supercoiled dsDNA plasmid 1. The positions of migration of Form I supercoiled dsDNA (dsDNA), Form II nicked dsDNA (Nicked dsDNA), and circular ssDNA (ssDNA) are indicated.
